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TORQUE RIPPLE SENSOR AND MITIGATION 
MECHANISM 

FIELD OF THE INVENTION 

0001. The present invention generally relates to the field 
of electric machines. 

BACKGROUND OF THE INVENTION 

0002 Permanent magnet synchronous machines such as 
motors with non-sinusoidal back-EMF's often produce sig 
nificant torque ripple. Torque ripple is a harmonic variation 
in motor output torque that typically occurs as a result of the 
interaction of back-EMF and Stator current harmonics, as 
well as cogging torque. Torque ripple is undesirable during 
operation of a motor due to the Vibration, noise, and varia 
tion in drive torque that it causes. 
0.003 Solutions to the problem of torque ripple by those 
in the art typically fall into one of two categories: improving 
the design of the motor; and controlling the current input to 
the motor. For controlling the current input, a significant 
amount of work has been done to mitigate torque ripple by, 
for example, controlling Stator current harmonics. To deter 
mine the values of Stator currents that are input to the motor, 
Several methods focus on open-loop Systems requiring 
extensive analysis of a particular machine to determine 
optimal current harmonics, either for torque ripple mitiga 
tion, minimization of RMS current amplitudes, or a combi 
nation of both. Particular compensation models rely upon 
estimates of the torque ripple based on complex mathemati 
cal models. However, these models may not always accu 
rately predict the amplitude and/or phase of the actual torque 
ripple, which may vary considerably as a function of load 
and drive Voltage conditions. 
0004) To characterize the level of torque ripple or provide 
model validation, example Systems employ in-line torque 
transducers. However, the transducers require a particular 
degree of bandwidth, and a relatively large inertia between 
the torque transducer and the load. In another example of 
measuring torque ripple, the user measures machine currents 
during normal operation of a machine, and uses current 
injection to reproduce currents and a Static torque measure 
ment System to measure torque. 

SUMMARY OF THE INVENTION 

0005 The present invention addresses the problem of 
torque ripple by Sensing torque fluctuations due to torque 
ripple and, if desired, compensating for the torque ripple via 
a control System applied to the machine that is producing 
torque ripple or by an active vibration control using a System 
that couples to the machine to provide a countertorque ripple 
that is out of phase to the torque ripple produced by the 
machine. The invention provides a method and apparatus for 
torque ripple Sensing and mitigation in which reaction forces 
between a permanent magnet Synchronous machine and a 
fixed point are Sensed using a piezoelectric Sensor function 
ing as an aspect of a closed-loop control System. The 
reaction forces of the permanent magnet machine include 
forces due to machine torque ripple. An example of a fixed 
point may be a Substrate to which the machine is mounted. 
The piezoelectric Sensor is positioned relative to the motor 
and the fixed point So that torque fluctuations of the motor 
are transmitted to a piezoelectric element as reaction forces, 
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resulting in Strain of the element. This Strain is converted to 
a signal for Sensing a magnitude of torque ripple and/or for 
processing by the control System or active vibration control. 
0006 The sensed torque ripple provides feedback that is 
used to determine Stator current harmonics utilizing a con 
troller that preferably is based on cost-function minimiza 
tion. The inputs to the controller are the torque ripple 
harmonics, and the outputs are Stator current harmonics. 
Preferably, the input/output of the controller is structured in 
a form that requires only Standard numerical integration, 
without the need for Search algorithms. Alternatively, an 
active vibration control receives the torque ripple input and 
creates a torque ripple out of phase to cancel the torque 
ripple produced by the machine. The control System manipu 
lates current harmonics in response to torque ripple mea 
Surements, while the active vibration control introduces a 
counter-moment to offset the Sensed torque ripple. The 
preferred method allows a feedback mechanism to mitigate 
both the electromagnetic torque ripple and the cogging 
torque ripple. In practice, feedback control Systems accord 
ing to the present invention benefit from working directly 
with torque ripple by avoiding the complexity of establish 
ing and controlling predetermined current harmonics. 
0007 Amethod of mitigating torque ripple is provided by 
the present invention. In a preferred embodiment of the 
method, machine torque ripple is Sensed using a piezoelec 
tric device to produce a Signal. The Signal is fed into a 
closed-loop control System, which manipulates current har 
monics in response to torque ripple measurements. Use of a 
sensor provides flexibility and robust control. The torque 
ripple Sensor can be manufactured Simply and inexpen 
Sively, and the Sensor allows a high dynamic frequency 
range. The Sensor of the present invention can be developed 
into an easily manufactured and easily implemented tool for 
various machine applications. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0008 FIG. 1 is a perspective view of a device having a 
motor that is fitted with a film-based torque ripple Sensor 
according to an embodiment of the present invention; 
0009 FIG. 2 is a schematic perspective view of a motor 
and housing fitted with a plate-type Sensor according to 
another embodiment of the present invention; 
0010 FIG. 3A is a perspective view of a plate-type 
Sensor, 

0011 FIG. 3B is an exploded view of a plate-type sensor; 
0012 FIG. 4 is a schematic perspective view of a motor 
mount fitted with a washer-type Sensor according to a 
preferred embodiment of the present invention; 
0013 FIG. 4A shows a washer-shaped piezoelectric ele 
ment, 

0014 FIG. 4B is a sectional view of a washer-type 
Sensor, 

0015 FIG. 5 is an electrical schematic of a torque ripple 
Sensor and an amplifier for amplifying and conditioning the 
torque ripple Sensor output; 
0016 FIG. 6 is a block diagram of a closed-loop con 
troller for a brushless DC (BDC) machine incorporating a 
torque ripple Sensor according to a preferred embodiment of 
the present invention; 
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0017 FIG. 7 is a schematic diagram of a brushless DC 
(BDC) motor with a six-pulse inverter system; and 
0.018 FIGS. 8A-8D are graphs showing measured torque 
ripple and A-phase current before and after mitigation 
control using a preferred method of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0019. The present invention employs a piezoelectric ele 
ment to Sense reaction forces between a permanent magnet 
machine and a fixed point relative to the permanent magnet 
machine, Such as a Substrate to which the permanent magnet 
machine is mounted. The reaction forces result from torque 
fluctuations attributable to torque ripple during operation of 
the permanent magnet Synchronous machine, for example, 
as a motor or generator. Other contributorS Such as mass 
unbalance may affect reaction forces as well. A torque ripple 
Sensor including the piezoelectric element is mounted or 
otherwise attached or positioned at a position relative to the 
permanent magnet machine and the fixed point So that 
reaction forces due to torque ripple of the permanent magnet 
machine cause Some deformation of the piezoelectric ele 
ment. The deformation may be Strain in a poling direction of 
the piezoelectric element, transverse to the poling direction, 
or in between. The torque ripple Sensor of the invention may 
have a variety of embodiments, and may be positioned in a 
number of locations. For example, the piezoelectric Sensor 
may be Stretched between a motor housing and a mount. 
Alternatively, the Sensor may be Sandwiched and com 
pressed between the motor and a mounting Substrate, or 
positioned between the motor and a device for affixing the 
motor to the Substrate, Such as a fastening device. 
0020 When the piezoelectric element of the torque ripple 
Sensor is deformed by rotational disturbances in the machine 
housing, the piezoelectric element generates an electric 
charge. Distortions in the element are related as a voltage 
proportional to its Strain that can be amplified, conditioned, 
and used in a controller for measurement and/or feedback 
control. A preferred torque ripple Sensor of the present 
invention provides a Signal proportional to the amplitude of 
the torque ripple found in various permanent magnet Syn 
chronous machines. Piezoelectric material allows torque 
ripple Sensing over a relatively high dynamic range (for 
example, 0.01 Hz-1 GHz), and a sensor made from piezo 
electric material can be easily manufactured and made 
durable. Particular piezoelectric materials include various 
ceramics and polymers. Exemplary materials include, but 
are not limited to, polyvinylidene fluoride (PVDF) and lead 
Zirconate titanate (PZT). Opposing Surfaces of the piezo 
electric element may be connected to a lead or leads for 
transmitting the Voltage Signal produced by the Strain in the 
piezoelectric element. The piezoelectric element may be 
coated with a conductive element or layer to transmit 
Voltage from the element. 
0021. In another embodiment, a single insulating layer 
would be used. One Surface of the piezoelectric element may 
be connected to ground, in which case a Single lead may be 
connected for transmitting the Voltage Signal. The electrode 
that is not in contact with an insulating layer would be 
connected to a mount that was grounded. This would effec 
tively place the potential of the bottom electrode at ground 
potential and would require one less insulator and one leSS 
lead from the Sensor. 
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0022. In a preferred embodiment, a signal from a feed 
back control System is used to reduce the torque ripple, and 
hence concomitant Vibration and noise. Alternatively or 
additionally, an active vibration canceling actuator reduces 
the vibration transmitted to the mount based on the Signal 
produced by the torque ripple Sensor. 

0023 Turning now to the drawings, a permanent magnet 
synchronous machine is shown in FIG. 1 embodied in a 
motor 10 fitted with an exemplary torque ripple Sensor, 
which in the first embodiment is a film-type sensor 12, 
according to a first embodiment of the present invention. An 
exemplary motor used in a Setup performed by the inventors 
is a permanent magnet Synchronous machine produced by 
Ecycle that is operated as a brushless dc motor. The motor 
10 contains a motor housing 14 and a rotor shaft 16, which 
rotates along an axis. The rotor shaft 16 is connected to a 
suitable load 18 by appropriate methods. The motor housing 
14 is connected to a fixed frame 20 Supporting the motor 10, 
and the frame in turn is connected to a fixed Substrate 22. 
The motor 10 is electrically coupled to a current input (not 
shown). 
0024. To sense torque ripple of the motor, the film-type 
sensor 12 is attached to the motor housing 14. The film-type 
Sensor includes a piezoelectric element Such as a piezoelec 
tric film 24 that senses rotational disturbances attributable to 
torque ripple. To define a Space for Suspending the film-type 
Sensor, a motor mount 26 Such as a bracket connected to the 
fixed frame 20 extends in a direction away from the motor 
housing 14. The mount 26 acts as an outrigger for the motor 
10. The particular position of the motor mount 26 may vary. 
A Suitable attachment mechanism, Such as bolts (not shown), 
may be used to attach the mount 26 to the frame 20. 
0025 The film-type sensor 12 including the piezoelectric 
film 24 is Suspended and Stretched between an edge of the 
housing 14 of the motor and a point of the fixed motor mount 
26 away from the motor. For example, the film-type Sensor 
12 may be attached to the mount 26 and to the housing 14 
using adhesive, Such as an adhesive tape 28. Connection 
between the film-type sensor 12 and the motor housing 14 
may be direct or indirect, So long as the element 24 is 
positioned Such that it is Strained axially due to relative 
motion between the motor 10 and the Substrate to which it 
is mounted 22 (in this case, indirectly through mount 26) in 
response to torque fluctuations in the motor as it operates. 

0026. The piezoelectric film 24 in the embodiment shown 
in FIG. 1 is a dielectric film, Such as PVDF or other 
piezoelectric polymer film, made from long polymer Strands 
that possess a strong dipole along its thickness, perpendicu 
lar to the axis of motion. In this configuration, Subtle rotation 
of the motor housing 14 occurs, at least partially due to 
torque ripple of the motor 10. Though other factors can 
contribute to the rotation, the reaction forces will not be at 
the same frequencies as those caused by torque ripple. The 
rotation axially stretches and releases the film 24 disposed 
between the housing 14 and the fixed mount 26. The axial 
displacement of the film 24 produces a change in the 
dimensions of the element, which changes the free charge 
present on front and back conductive surfaces 30, 32 of the 
element, producing an electric field and a resultant Voltage 
Signal proportional to the Strain. The film 24 may be 
positioned at various angles relative to the housing 14 to 
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produce a similar effect, though one end of the film should 
be connected to an fixed point external to the machine 10 
(Such as the mount 26). 
0027. By “fixed” it is intended that the point (such as the 
mount 26) is in a fixed position with respect to a position of 
an electric machine. However, a “fixed” point may not be 
absolutely fixed, as it is contemplated that both the point and 
the machine may instead be both moving, while the machine 
also exhibits relative movement with respect to the point, 
Such as in a vehicle, for example. Thus, when the term 
“fixed' is used herein, it is not intended to restrict the 
invention to absolutely fixed points, but to a point where 
movement of the machine relative to the fixed point can be 
determined. 

0028. For carrying the produced voltage to a suitable 
mechanism to measure and/or mitigate the torque ripple, an 
electrode 34 is applied to one or both of the surfaces 30, 32, 
connected to one or more leads 36. There are various ways 
to connect the electrode 34 and the leads 36, Such as 
conductive glue, copper tape, Soft clip, etc. In a preferred 
embodiment, the electrode 34 on either Surface 30, 32 is a 
conductive layer, Such as a layer of Silver ink or nickel 
plating. The electrode 34 may be formed at an exposed area 
of the film 24, while remaining areas of the film are covered 
with a non-conductive coating. The leads 36 may be coupled 
to a measuring mechanism (not shown in FIG. 1) and/or a 
feedback mechanism. The feedback mechanism preferably 
mitigates the torque ripple based on the Voltage Signal from 
the torque ripple Sensor 12. 

0029. The film-type sensor 12 shown in FIG. 1 is a 
non-limiting, illustrative embodiment of a torque ripple 
Sensor that indicates torque ripple of a motor by axially 
Stretching and contracting transverse to the poling direction 
of the element (the film 24). Alternatively, a torque ripple 
Sensor may be configured or positioned to be Strained by 
compression in the poling direction of the piezoelectric 
element. For example, a Second embodiment torque ripple 
sensor, a plate-type sensor 40, is shown in FIG. 2 fitted with 
a motor 42, Such as a permanent magnet Synchronous 
machine or an induction motor. Other types of machines are 
contemplated, including wound rotor Synchronous 
machines, Switched reluctance machines, reluctance 
machines, and Stepper machines, among others. A rotor shaft 
44 of the motor 42 may be connected to a suitable load (not 
shown). A housing 46 of the motor, at an external portion or 
Section 47, is mounted to a fixed Substrate 48. The external 
portion or section 47 may be a bracket fixedly mounted to 
the housing 46, for example, or an integral part of the 
housing frame. A Suitable connecting device, for example, a 
pair of bolts 50 with corresponding nuts 52, may be used to 
Secure the mount to the Substrate and/or to a housing of the 
motor. In an alternative embodiment, a bottom portion of the 
motor housing 46, without the external portion or section 47 
as shown in FIG. 2, may be mounted directly to the substrate 
48. In such an embodiment, the bolts 50 may extend through 
apertures at an outer portion (Such as a lower Surface 54) of 
the motor housing 46, connected to nuts 52 within the motor 
housing. 

0030 The plate-type sensor 40 is disposed between the 
housing 46 and the mounting Substrate 48. Spacers, Such as 
a pair of washers 56, are disposed between the housing 46 
and the Substrate 48 to create a clearance for the plate-type 
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sensor 40. The created clearance should be substantially 
equal to the height of the plate-type Sensor 40 So that the 
sensor abuts the external portion or section 47 (or the motor 
housing 46 directly, in an alternative embodiment). AS 
shown in FIGS. 3A and 3B, the plate-type sensor 40 
preferably includes a rectangular piezoelectric element 60, 
for example PZT or thick (non-film-type) PVDF, sand 
wiched between first and Second (upper and lower, as 
shown) rectangular non-conductive ceramic elements 62, 
64. Electrodes 66 and conductive layers 68 are attached to 
upper and lower Surfaces of the piezoelectric element 60, 
respectively, and the electrodes are coupled to a pair of leads 
70 for connecting to a mechanism for measuring and/or 
mitigating torque ripple. The conductive layerS 68 need not 
cover the entire Surface of the element 60. 

0031. Alternatively, a single electrode 66 and conductive 
layer 68 may be attached to an upper Surface of the element 
60 while a conducting layer (without an electrode) is con 
nected to the lower Surface of the element, respectively. The 
electrode 66 may be coupled to a single external lead 70 for 
connecting to a mechanism for measuring and/or mitigating 
torque ripple. The lower plate 64 is rested (unmounted) or 
mounted to the fixed mounting Substrate 48 with conductive 
adhesive or bolts (not shown) connected to ground, or 
otherwise connected to ground in a Suitable fashion. It will 
be appreciated that alternative planar shapes for the piezo 
electric element 60 and non-conductive plates 62 are pos 
sible. 

0032. The plate-type piezoelectric element 60 preferably 
has a dipole in the direction of its thickness. An exemplary 
piezoelectric element 60 was obtained by the present inven 
tors from Channel Industries, of Santa Barbara, Calif. By 
fitting the piezoelectric Sensor 40 between the motor housing 
46 and the fixed mounting substrate 48, rotational vibration 
of the motor housing due to torque ripple is transmitted to 
the piezoelectric Sensor. This compresses the plate-type 
element 60, producing an axial Strain on the element in the 
direction of its thickness, and accordingly producing a 
proportional Voltage. 

0033. In an alternative embodiment, a portion of the 
motor housing 46 may be connected to another fixed Sub 
Strate (not shown) by a Suitable connection mechanism (not 
shown). Connecting the housing 46 to the other Substrate in 
particular embodiments may be useful for Structural integ 
rity. 

0034. A third preferred embodiment of the torque ripple 
sensor is shown in FIGS. 4, 4A, and 4.B. A washer-type 
Sensor 70 acts as a mounting washer for a motor having a 
housing 74, of which a lower surface is shown. The housing 
74 is affixed to the substrate 48, preferably by mounting 
bolts 76. The washer-type sensor 70 is disposed around one 
or more of the mounting bolts 76. The bolt 76 is removably 
secured with upper and lower nuts 78. The washer-type 
sensor 70 is axially disposed between the lower surface of 
the motor housing 74 and an upper Surface of the Substrate 
48. The upper nut 78, preferably located within the frame of 
the housing 76, provides tight contact between the washer 
type sensor 70, the housing, and the substrate 48. 
0035. As shown in FIG. 4 and 4B, the washer-type sensor 
70 is preferably similar in configuration to the plate-like 
sensor 40 of FIGS. 2 and 3A-3B, but with a different planar 
shape. The washer-type Sensor 70 Senses Strain in the poling 
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direction, using the longitudinal effect Similar to the plate 
type Sensor 40, as opposed to the transverse effect used in the 
film-type sensor 24. The washer-type sensor 70 includes a 
central annular piezoelectric element 80, for example PZT, 
sandwiched between upper and lower (as shown in FIG. 4 
and 4B) annular washers 82, 84, for example steel washers, 
having non-conductive insulating layerS 86. Other rigid 
material is contemplated in place of the washers 82, 84. 
Preferably, the layers 86 are embodied in a non-conductive 
coating, Such as an inert ceramic coating or a non-conduc 
tive polymeric coating of Sufficient density, and are applied 
between the element 80, the housing 74, and the substrate 48 
for insulation, Since most motors and mounts are conductive. 
Though the PVDF film-type sensor 12 comes with its own 
non-conductive coating, the plate-type and washer-type Sen 
sors 40, 70 (PZT and PVDF) preferably have separate 
insulation. The annular piezoelectric element 80 has a dipole 
in the direction of thickness of the element. Upper and lower 
electrodes 88, 90 are disposed in openings of the non 
conductive layers 86 of the annular piezoelectric element 80. 
The electrodes 88,90 are attached to leads 92 for transmit 
ting voltage produced by the element 80. Rotational vibra 
tion of the motor due to torque ripple produces reaction 
forces resulting in compression along the thickness of the 
annular piezoelectric element 80 between the upper and 
lower annular washers 82, 84 and a Voltage proportional to 
its Strain. 

0036). In an alternative embodiment, a single insulating 
layer 86 is used. The electrode 90 not in contact with the 
insulating layer is connected to ground, via the housing 74 
or the Substrate 48. This effectively places the potential of 
the electrode 90 at ground and requires one leSS insulating 
layer 86 and one less lead 92. In yet another alternative 
embodiment, the washer-type sensor 70 is disposed above 
both the housing 74 and the substrate 48. An additional 
Spacer (not shown) may be placed between the housing 74 
and the Substrate. In this case, rotational vibration of the 
housing 74 compresses the element 80 between the housing 
and the upper nut 78 to produce a voltage. It will be 
appreciated that variations on these embodiments are poS 
sible. 

0037. The piezoelectric element 24, 60, 80 should have a 
Sufficient thickness to Supply an adequate Voltage Signal 
during deformation, without requiring So much pressure 
(force divided by area of the element, assuming even pres 
Sure distribution) that the element is damaged from the 
transmitted rotational disturbance from the motor. A reason 
able bottom Signal for accurate Sensing is greater than 
approximately 20 mV. For example, for the washer-type 
element 80 of FIGS. 4-4B, having an inner radius R and an 
outer radius R., the affected area A is equal to TL (R-R). 
The stress O applied to the element due to rotational vibra 
tion transmitted as force F, assuming even preSSure distri 
bution, is O =F/A, which needs to be less than O, for the 
PZT element. However, typically, the thicker the element, 
the larger electric field is required to pole the element. It is 
contemplated that a thin film may be used for the piezo 
electric element. The thin film may be deposited on a 
Surface, Such as the lower washer 90 or a separate Substrate, 
and poled into place. It is to be understood that the relative 
thicknesses of the Sensors shown are not to be limited to that 
shown, and in fact, if a thin film is used for the piezoelectric 
element, the thicknesses of the elements 60, 80 shown in 
FIGS. 2-4B are greatly exaggerated. 
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0038. The piezoelectric element measures time-varying 
changes in Strain, corresponding to torque ripple, among 
other things. The Signal from the piezoelectric element 24, 
60, 80 is composed of several frequencies due to various 
Sources, including mass unbalance and torque ripple. In a 
permanent magnet Synchronous machine torque ripple is at 
least partially generated by the back-EMF signal (which has 
a fundamental component equal to the rotational Speed of 
the machine and harmonic frequency components at prima 
rily 3x, 5x, and 7x (odd multiples of the rotation speed)). 
Specifically, the interaction of the back-EMF and the stator 
currents (which also contains odd harmonics) produces 
torque ripple components at harmonics of multiples of 6 
times the rotor electrical rotational Speed. Torque ripple is 
also generated in part by the cogging torque, which is 
produced when rotor magnets attempt to align with Stator 
Slots. The cogging torque harmonics also occur at multiples 
of six times the rotor electrical rotational Speed. Hence, the 
frequencies are basically known, but the amplitude of the 
torque ripple, which varies with load and drive conditions, 
is typically not known. The piezoelectric Sensor obtains a 
Signal linearly proportional to the torque ripple. This signal 
may then be use in a feedback control System to compensate 
(reduce) the torque ripple. 
0039. A description of a non-limiting example of a feed 
back control system and method follows, applied to a BDC 
motor 10 fitted with a film-type sensor 12, as shown by 
example in FIG. 1. However, the present invention is not 
intended to be limited to the particular mitigation method 
and System described below. In the present invention, the 
piezoelectric torque ripple Sensor 12 detects the reaction 
forces of the motor housing 14 resulting from torque ripple. 
In a preferred method, the torque ripple is Substantially 
eliminated by controlling the amplitude and phase of the 
permanent magnet machine's Stator current harmonics. The 
Stator current harmonics are determined using control laws 
that require measured or estimated values of torque ripple as 
feedback. The goal is to eliminate multiples of the phase 
number times 2, for example, the 6" harmonic of the torque 
ripple in 3-phase machines (such as machine 10), for five 
phase machines, multiples of 10 times the rotor electrical 
speed, for 6-phase, multiples of 12", etc. 
0040. A representation of a torque ripple mitigation con 
trol system 100 for the motor 10 of FIG. 1 is shown in FIG. 
6. The system 100 is a multiple-input-multiple-output 
(MIMO) controller that accepts a vector of measured torque 
ripple harmonicS and manipulates a vector of commanded 
current harmonic amplitudes via the real time application of 
a steepest descent algorithm. The permanent magnet Syn 
chronous machine 10, operated as a BDC machine, is 
coupled to the exemplary closed-loop controller, and Sup 
plied with a current by a hysteresis current controller 102. 
Feedback is supplied to the current controller 102, including 
estimated or measured rotor position through position con 
troller 104, and phase currents of the motor, through a 
current feedback element 106. The torque ripple and miti 
gation mechanism also includes the torque ripple Sensor 12, 
which generates a time-domain Signal representative of the 
torque ripple (indicated at 107), a multiplication block 108 
which is used to partition the time-domain torque ripple 
Signal V into a vector containing amplitudes of the 
harmonic components that are to be mitigated, and a gain 
block 110, which is used to generate the desired current 
harmonics to mitigate the torque ripple. The result of the 
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(gain) block 110 is fed into an integration block 112, which 
is coupled directly into the hysteresis current controller 102, 
and indirectly through an algebra block 114 also containing 
an average torque. The diagram in FIG. 6 illustrates the 
integration of these components into the motor control 
System for mitigating torque ripple harmonics that can be 
expressed as cosinusoidal functions (block 116) of rotor 
position. The same architecture is then repeated (not shown) 
to mitigate torque ripple harmonics that can be expressed as 
Sinusoidal functions of rotor position. 

0041) To describe the control procedure in detail the 
permanent magnet machine 10, Such as the BDC motor 
shown by example in FIG. 1, contains three concentrated 
Stator windings, twelve rotor poles, and thirty-six Stator 
Slots. Though the machine 10 is a non-linear System, the 
relation between torque ripple harmonics, back-EMF har 
monics, and current harmonics may be considered in the 
linear magnetic range without any concessions being made 
in the applicability of the technique. The Voltage equations 
for the Stator phase windings of the BDC machine are given 
by 

vas-rsiastpwas (1) 

Vbs=rsiox+pwbs (2) 

ves=rsiestpwcs (3) 

0.042 where v is the 'x' phase to neutral voltage, r is the 
phase resistance, is is the 'X' phase current, ) is the X 
phase flux linkage, and p denotes differentiation with respect 
to time. The p) term represents Voltage induced across 
the winding due to time-varying flux linkage, according to 
Faraday's law. 

0043. The phase flux linkages in (1)–(3) are a function of 
the magnetic flux produced by the phase currents (Ampere's 
law) as well as the flux produced by permanent magnets in 
the rotor. Saliency and magnetic Saturation are neglected for 
Simplicity and without loSS in generality. Neglecting these 
effects, the coupling between phase currents and phase flux 
linkages is independent of rotor position and can be con 
sidered as constant inductances. ASSuming constant induc 
tances, the flux linkages of BDC machines can be expressed 
in a form: 

was LasasiastLasbsistLascsicstasm (4) 

wbs-LbsasiastLibsbsits+Lbscsicstwbsm (5) 

wes-LesasiastLesbsisticsesiestwesm (6) 

0044) where L are 'X' phase to y phase inductances 
and 2 represents effects of the permanent magnets on the 
respective Stator phase. 

0.045. In general, the flux produced by a permanent 
magnet is independent of the rotor position. However, the 
amount of flux from the magnet that crosses a phase winding 
is a function of rotor position. For BDC machines with 
distributed windings, the coupling between a rotor magnet 
and a Stator phase winding can often be represented as a pure 
sinusoid. However, the exemplary machine 10 of FIG. 1 has 
concentrated Stator Windings. Therefore, pass is 
expanded to include Several harmonic coefficients. Specifi 
cally, the flux linkage can be expressed as: 
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W (7) 

An = MXKasin(nd,) 
W (8) 

An = AXE Knsin(n(0, -120) 
W o (9) 

Acsm = MX Kesin(n(6 + 120)) 

0046) where K is the magnitude of the n" Fourier 
harmonic coefficient, 2 is the amplitude of the fundamental 
component of 2, and 0, is the electrical rotor position. 
Specifically, the rotor position is defined such that at 0=0, 
no fundamental rotor flux links the as-winding; at 0=90, 
the fundamental component of rotor flux linking the as 
winding is maximum. The 'e' denotes relationship to the 
machine back-EMF. 

0047 The sources of torque ripple are the interaction of 
back-EMF and Stator currents and cogging torque. In other 
machines, there can also be torque ripple from Saliency of 
the rotor. The back-EMF of a permanent magnet synchro 
nous machine is the electric potential induced on a phase 
winding by a permanent magnet. This is equivalent to the 
open-circuit Voltage measured between a winding terminal 
and the neutral of the machine when the rotor angular 
velocity is nonzero. The back-EMF is determined by differ 
entiating (7)–(9) with respect to time. It can be expressed as: 

W (10) 
és F opMX nke cos(né-) 

W (11) 
&bs orMX nken cos(n(0, -120)) 

W (12) 
écs F opMX nk cos(n(0... + 120)) 

0048 where (), is the electrical angular velocity of the 
rOtOr. 

0049. The dynamics of the rotor are established by sum 
ming the torques applied to the Shaft of the machine 10. 
Specifically, applying Newton's Second law to the rotor 
shaft, 

(13) 

p0=() (14) 
0050 where T is the electromagnetic torque, T is the 
load torque, J the rotor inertia, and B, the frictional coef 
ficient of rotation. The load torque represents an input to the 
machine 10; however, the electromagnetic torque results 
from the interaction between the magnetic fields produced 
by current in the Stator windings and the magnetic fields 
produced by the rotor magnet. The torque produced by 
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electric machines can be determined from the co-energy of 
the coupling field. Specifically, 

(15) 
T = 

be 
where 

3 

W = IX. A di + W. (6) 
=l 

(16) 

0051. In (16) W represents the co-energy of the coupling 
field and W, is the energy produced by the permanent 
magnet. Using the winding flux linkages in (16) the co 
energy can be expressed in terms of Stator currents and rotor 
magnet flux as 

(17) 1 2 2 2 W = 5 los(is + i + i) - Lin (isibs + iasics + ipsics) + 

W 

Kensin(n0) + A in X. Kensin(n(0... + 120))+ An las 

Kensin(n(0, -120)) + Win (0,-) An ics 

0.052 A closed-form expression for magnetic torque can 
be obtained by differentiating (17) with respect to rotor 
position, yielding: 

P W W (18) 

T = 2 -(-), record -- -(-), nk, cos(n(0, -120)) + 
W 

-(-). nk, cos(n(6 - 12) + T (6.) 
=l 

0053) In (18) T is the torque that results from differ 
entiating W, with respect to rotor position. This torque is 
the cogging torque resulting from the non-uniform airgap 
produced by stator slots. The summation terms in (18) result 
from harmonics of the flux produced by the permanent 
magnet. Since the machine has 12 poles and 36 Stator teeth, 
cogging torque harmonics appear as 6" Order harmonics 
(n={6,12,18, . . . . of the electrical rotor Speed. These 
harmonics are a function of the machine geometry and 
winding configuration. The cogging torque can be expanded 
as a Fourier Series: 

W (19) 
Tog = X. Togo, cos(6nd) + Togdon sin(6nd) 

=l 

0.054 The phase currents of the machine 10 can be 
controlled using, for example, an inverter circuit, Such as the 
inverter circuit 120 shown in FIG. 7 coupled to the BDC 
machine. The Stator current harmonics are used to Substan 
tially eliminate torque ripple. To establish an expression for 
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torque that includes harmonics, the phase currents are 
expressed in terms of a Fourier Series as: 

W (20) 
is = X. Kicos(né-) + Kid, sin(n0) 

=l 

W (21) 
ibs = X. Kicos(n(0,- 120)) + Kid, sin(n(0, -120)) 

=l 

W (22) 
ics = X. Kicos(n(0, + 120)) + Kid, sin(n(0... + 120)) 

=l 

0055. The inverter circuit 120 shown in FIG. 7 shows a 
machine/6-pulse inverter System. A 3-phase permanent mag 
net machine operated as a BDC machine is typically con 
trolled using a 6-pulse inverter. Switching of transistors 
T1-T6 is used to regulate either the phase Voltage or phase 
current applied to the machine, as will be understood by 
those skilled in the art. 

0056. The stator current harmonics are used to eliminate 
torque ripple. Using circuit analysis, it can be shown that for 
balanced wye-connected machines, torque ripple results 
from odd-numbered non-triplen harmonics of the back-EMF 
and the winding currents. Specifically, Ken, Kian, and Kin 
are nonzero for me{1,5,7,11,13. ... }. Substituting (20)-(22) 
into (18), and manipulating the final result, the torque may 
be represented as 

W (23) 
T = T + X. T6, cos(6nd) + Teds, sin(6nd) 

=l 

where 

3P 24 
T = i" X. Ken Kian (24) 

nei: 

3PA, (25) 
Toon = X. (Ke(m+6n) + Keim–6n))Kiam Toga 

i.e.: 

3PA, (26) 
Todon = 4 2. (Ke(m+6n) + Ke(n-6))Kidn + Togd 

0057 The torque ripple amplitudes are defined as: 

Tai-V (Ton'-(Tao) (27) 
0.058 Thus, the total torque of equation (23) is modeled 
as a Sum of average torque (equation 24) and harmonic 
torque that is represented as cosinusoidal components of 
electrical rotor position (amplitudes given in equation 25) 
and harmonic torque that is represented as Sinusoidal func 
tions of the electrical rotor position (amplitudes given in 
equation 26). The amplitudes given in equation 25 are herein 
defined as q-axis components of the torque ripple while the 
amplitudes given in equation 26 are defines as the d-axis 
components of the torque ripple. Measuring the torque 
output of an electric machine can greatly reduce the task of 
torque ripple mitigation. 

0059. There is a significant amount of expense associated 
with mounting a load cell between a drive System and its 
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load, and most load cells do not have the bandwidth required 
to measure torque ripple. However, actual torque values are 
not required for ripple mitigation. Rather, disturbances in the 
machine housing or mount System can be used as an 
indicator of torque ripple amplitude. Therefore, a load cell is 
not required. The two conductive layers 30, 32 of the 
film-type piezoelectric element 24 preferably formed by 
coating a PVDF film on each side with silver ink create a 
Significant Source capacitance. The combination of this 
characteristic with the Voltage produced during Strain of the 
film yields a Source Voltage-Series capacitance equivalent 
circuit for the film shown in the diagram for an amplifier 130 
of FIG. 5. It should be noted that the source capacitance 
represented in FIG. 5 shows that the film-type piezoelectric 
element 24 is not used to measure average torque; instead, 
the piezoelectric element lends itself to measuring time 
varying changes in Strain and thus torque ripple. 

0060 Referring again to FIG. 6, in order to extract a 
value for each torque ripple harmonic (q-axis harmonics and 
d-axis components), the measured time varying voltage 
V produced by the piezoelectric torque ripple Sensor 12 
can be Separately correlated with the Sine and cosine func 
tions (cosine shown in block 116) of the desired harmonic, 
in the multiplication block 108. The correlation product is 
then low-pass filtered in real time using a low-pass filter 
(block 109) to extract a component that represents torque 
ripple harmonic amplitude. Specifically: 

1 (28) To = fracos(Gnon-To di 
s: s: (29) Ton = vsensorsin(6nco,t)- &Toldt 

where 

'sensor-kenso (T-T) (30) 

To =V(Tao) +(Taon) (31) 
0061 Herein To, and Tao represent the q-axis and 
d-axis components of the measured 6n" torque ripple 
harmonic respectively, Ves is the Voltage acquired from 
the torque ripple Sensor 12, e is the time constant of the filter 
109, kes is the gain of the sensor, and Ton is the 
magnitude of the measured 6n" harmonic. Though equa 
tions (28) and (29) are valid expressions of a low-pass filter, 
they appear rather unconventional; the presence of the 
subtracted term on the right explains why this form of 
expression for the filter 109 is often referred to as a “lossy 
integrator.” Note that for e=0, equations (28) and (29) are 
equivalent to expressions for determining trigonometric 
Series coefficients. 

0.062. In the present invention, the desired current har 
monics are determined through cost function analysis using 
the matrix gain element 110 of the controller 100. Specifi 
cally, a cost function is defined in terms of machine torque 
ripple, whereby the magnitudes of the torque ripple harmon 
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ics are included as terms in a quadratic equation. An 
example using two torque-ripple harmonicS is developed as: 

G=xQx (32) 
where 

T-6 (33) 
X 

T-12 

Q = C. (34) 
i21 22 

0063. In (32), G represents the system cost, X is the vector 
of torque ripple magnitudes, and each of the terms is a 
coefficient in the resulting quadratic function. Specifically, 
the q terms are chosen as a method of “weighting the cost 
in favor of one harmonic over another. 

0064. In order to completely mitigate the magnitude of 
each torque ripple harmonic, the q-axis and d-axis compo 
nents of each torque harmonic can be mitigated Separately. 
Equation (32) may thus be expanded into its q-axis and 
d-axis components wherein 

till 412 (35) G = Tiego Tai 2 
42 (22 

Teq6 411 412 Tedg 
+ Teds Tail | a Trai? 421 422 Tedi 2 

T T G=x"Qx+x. "Qx. (36) 
0065 where the x, and x vectors represent the q-axis and 
d-axis components of the torque ripple, respectively. 
0066. The cost function, however, is based on measured 
torque ripple quantities. For steady-state, (36) may be 
rewritten as 

s: Tas (38) 
X, 

" Tra 
s: Tadó (39) 
Wd Taiz 

0067 To isolate the current harmonic terms in (38), the 
torque ripple harmonics are expanded into expressions 
involving only constants and current harmonics as follows: 

3Pale Ke5 Ke7 3PAs K. K. -- T. (40) 
X, Kiai -- e Kia cogg 4ksensor Kei i + Ke73 4ksensor 

where (41) 

Kei Keii Kei Kei3 Ke5 Ke7 
KE = 

Ke7 Ke5 Kei Kei 

kia.5 (42) 

Kitz 
Kia 

Kiai i 

Kiai 3 
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-continued 
Toggo (43) 

Tooga = 
gg Toggi2 

0068. In (41)-(42), K is a matrix of Back-EMF coeffi 
cients, and K is the vector representing the Fourier coef 
ficients for each commanded q-axis current harmonic. In 
addition, only X, is expressed for the sake of brevity; X. 
may be expressed by merely Substituting 'd for q. 
0069. In order to mitigate torque ripple, a closed-loop 
controller including gain block 110 is used to minimize the 
cost function G. The measured quantities X, and Xa are 
used to manipulate the vectors K and Kia. 
0070. By allowing Q to be a diagonal matrix, the gradient 
of G with respect to the current vector Ki reduces to 

0071 where the expression for VG appears similar with 
q replaced by 'd''. Thus, a Solution for Ki may be devel 
oped and duplicated for K as follows: 

d (46) 
di Kl, = -aVG 

d 47 
di Ki = -Q2KEQx, (47) 

d 48 
Ka = -Q2KEQx, (48) 

0072 where (46)-(48) represents the application of the 
Steepest-descent algorithm in real time and C. is a user 
defined control constant, used to adjust the time constant. 
Though the K back-EMF coefficient matrix is still present 
in the solution, this form allows much more flexibility; the 
coefficients may be estimated or chosen rationally. 
0073. By observation of equations (47) and (48), it may 
be noted that a steady state Solution to K (Ki) is deter 
mined when x, (x,) is a Zero-vector. This form of the 
Solution may be realized as a multiple-input-multiple-output 
(MIMO) control system that measures several torque ripple 
harmonicS and manipulates Several current harmonics to 
compensate. 

0.074 The voltage produced by the film 24 is typically not 
of Sufficient amplitude or quality to be imported directly into 
a DSP or similar computer control device. In addition, the 
capacitive Source impedance of the film 24 alters the fre 
quency response of the induced Voltage. Therefore, the 
induced voltage by the film 24 preferably is amplified and 
conditioned for use by a mitigation mechanism, Such as a 
microcontroller. The control may be implemented in a 
commercial digital signal processor (DSP). 
0075 For amplifying the initial voltage, the piezoelectric 
element preferably is coupled via the conductive layer to an 
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amplifier such as the amplifier circuit 130 shown by example 
in FIG. 5. The exemplary amplifier 130 shown in FIG. 5 is 
a three-stage operational amplifier circuit. The two conduc 
tive layers 30, 32 of the film 24 contain a significant source 
capacitance as well, resulting in a Source Voltage-Series 
capacitance equivalent circuit for the piezoelectric element. 
The piezoelectric film 24 includes a Voltage Source Vs and 
a capacitor Cs. The first Stage of the amplifier 130 contains 
a capacitor in a feedback loop to cancel the effects of the 
capacitive input impedance. The resistor in the feedback 
loop is placed to Substantially prevent the feedback capacitor 
from acquiring a charge and thus an offset Voltage. The 
Second Stage amplifier provides bulk gain. The third Stage 
provides an offset Voltage Sufficient to Substantially prevent 
negative Voltages from being input to the DSP. A power 
supply 132 (see FIG. 1) may be connected to supply power 
to the amplifier 130. 
0076. In an experiment conducted by the present inven 
tors, a DSP was programmed to implement current control 
with torque ripple feedback. Due to the limitations of the 
speed of the DSP in the conducted experiment, however, the 
control was limited to monitoring one torque ripple har 
monic and manipulating one current harmonic. Specifically, 
the DSP was programmed to maintain a given fundamental 
current while simultaneously mitigating the 6" harmonic 
torque ripple through manipulation of the 5" current har 
monic. It may be observed in the analysis given by (29)-(42) 
that the 6" harmonic torque ripple may be mitigated when 
only the 5" harmonic is represented by manipulating K; and 
K. The control equations are thus given by the following: 

d s: (49) 

Kios = -02411 To 
d s: (50) 

Kids - -02411 Tag 

0077. The torque ripple and phase current measurements 
were recorded before and after the torque ripple feedback 
control was implemented. The hardware verification was 
performed with the machine 10 driven mechanically by a 
Dynamometer with a constant speed of 300 RPM. The 
machine 10 was driven electrically by an inverter operating 
under hysteresis current control, whereby the desired fun 
damental current was 12 Amps and the desired 5" harmonic 
current was decided according to (49) and (50). The mea 
sured results of the mitigation control are shown in FIGS. 
8A-8D. Specifically shown are the measured torque ripple 
amplitudes (FIG. 8A) and phase currents (FIG. 8B) prior to 
mitigation control, and the same values after the mitigation 
control was implemented (FIGS. 8C and 8D, respectively). 
0078. The present torque ripple sensor 12, 40, 70 may be 
used for Sensing torque ripple of machines Such as, but not 
limited to, Variable reluctance Stepper motors, permanent 
magnet Stepper motors, Switched reluctance motors, buried 
permanent magnet Synchronous machines, dual-fed induc 
tion machines, and/or Synchronous reluctance motorS. 
Though the exemplary control system 100 described above 
is primarily directed to BDC motors, one skilled in the art 
will appreciate the adjustments that may be needed to the 
control design of the preferred embodiments previously 
disclosed to implement control Systems for other permanent 
magnet machines. 
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0079. In addition, by using a closed-loop torque ripple 
feedback, a separate, Surface mounted permanent magnet 
machine (such as a motor) or other device may be employed 
for the principal purpose of creating torque ripple to 
mechanically counteract the torque ripple of another, main 
machine. The Separate permanent magnet machine is pref 
erably Smaller in Size than the main machine, and is able to 
produce Sufficient torque to counteract the torque ripple of 
the main machine. The Separate machine produces torque 
ripple out of phase with the torque ripple of the main 
machine to eliminate torque ripple of the main machine. 
0080 Although the use of a sensor requires additional 
hardware, in most current-control based drive Systems, the 
cost and added computational complexity can be made 
minimal. Further, by using feedback-based control, the 
mitigation Strategy is leSS Sensitive to changes in machine 
parameters that can result from Saturation or imprecise 
knowledge of the machine. 
0081. The torque ripple sensor 12, 40, 70 may be 
employed separately, without a compensation mechanism. 
For example, the torque ripple sensor 12, 40, 70 may be used 
in a production line, in which one might test individual 
machines, and reject those that are found to produce exces 
sive vibration. The present invention may be used for 
various applications Such as, but not limited to, making 
permanent magnet electric machines (Such as motors) qui 
eter on electric boats, and reducing vibrations in machines 
used in automobile power Steering and/or wiper motorS. 
0082) While various embodiments of the present inven 
tion have been shown and described, it should be understood 
that other modifications, Substitutions and alternatives are 
apparent to one of ordinary skill in the art. Such modifica 
tions, Substitutions and alternatives can be made without 
departing from the Spirit and Scope of the invention, which 
should be determined from the appended claims. 
0.083 Various features of the invention are set forth in the 
appended claims. 

What is claimed is: 
1. An apparatus for Sensing fluctuations in torque from a 

permanent magnet machine, the permanent magnet machine 
being contained in a housing, the apparatus comprising: 

a piezoelectric Sensor coupled to Said permanent magnet 
machine to receive transmitted vibration produced by 
the fluctuations of the permanent magnet machine, Said 
piezoelectric Sensor producing a Sensor Signal corre 
sponding to an amplitude of Said vibration. 

2. An apparatus for Sensing fluctuations in torque for a 
motor, the apparatus comprising: 

a piezoelectric Sensor disposed relative to Said motor to 
receive a transmitted reaction force from the motor, 
Said piezoelectric Sensor producing a Sensor Signal 
corresponding to an amplitude of Said reaction force. 

3. The apparatus of claim 2 wherein Said piezoelectric 
Sensor is positioned relative to a housing of the motor and a 
fixed point relative to the motor to receive Said reaction 
force. 

4. The apparatus of claim 3 wherein Said fixed point 
comprises a mount attached to a fixed Substrate. 
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5. The apparatus of claim 3 wherein said fixed point is a 
fixed Substrate, and wherein Said piezoelectric Sensor is 
Sandwiched between a mount fixed to the motor and Said 
fixed Substrate. 

6. The apparatus of claim 3 wherein Said mount comprises 
a bracket. 

7. The apparatus of claim 3 wherein Said piezoelectric 
Sensor comprises a plate-type Sensor. 

8. The apparatus of claim 2 wherein Said piezoelectric 
Sensor comprises an annular piezoelectric element, and 
wherein Said annular piezoelectric element is disposed 
between a housing of the motor and a Substrate mounted to 
the housing. 

9. The apparatus of claim 3 wherein said piezoelectric 
Sensor is attached to a motor housing and Stretched between 
the motor housing and Said fixed point, whereby rotation of 
the motor caused by the fluctuations Stretches and releases 
Said piezoelectric Sensor to create Strain. 

10. The apparatus of claim 2 wherein Said piezoelectric 
Sensor includes a piezoelectric element insulated by a plu 
rality of non-conducting elements. 

11. The apparatus of claim 10 wherein said plurality of 
non-conducting elements comprises a coating on opposing 
Surfaces of Said piezoelectric element. 

12. The apparatus of claim 10 wherein at least one of said 
plurality of nonconductive elements comprises a ceramic 
Substrate. 

13. The apparatus of claim 10 wherein said piezoelectric 
element comprises a poled thin-film of at least one of lead 
zirconate titanate (PZT) and polyvinylidene fluoride 
(PVDF). 

14. The apparatus of claim 2 wherein Said piezoelectric 
Sensor produces a signal linearly proportional to reaction 
forces of the motor. 

15. An apparatus for mitigating fluctuations in torque for 
a motor, the apparatus comprising: 

a piezoelectric Sensor that receives a transmitted reaction 
force from the motor, Said piezoelectric Sensor produc 
ing a Sensor Signal corresponding to an amplitude of 
Said reaction force; 

a feedback mechanism coupled to Said Sensor for receiv 
ing Said Sensor Signal and to Said motor, Said feedback 
mechanism Supplying a current control Signal to the 
motor based on Said Sensor Signal. 

16. The apparatus of claim 15 wherein said feedback 
mechanism comprises: 

a controller that receives Said Sensor Signal from Said 
piezoelectric Sensor and produces Said current control 
Signal to Said motor. 

17. The apparatus of claim 16 wherein said feedback 
mechanism is coupled to Said motor for receiving a rotor 
position and phase signal for the motor. 

18. The apparatus of claim 16 wherein said feedback 
mechanism is an active vibration noise canceling actuator 
used to reduce vibration transmitted to the motor mount 
based on Said Signal from Said piezoelectric Sensor. 

19. The apparatus of claim 16 wherein said feedback 
mechanism further comprises: 

a signal amplifier and conditioner coupled to Said piezo 
electric Sensor for amplifying Said Sensor Signal to 
produce an amplified signal, which is coupled to Said 
controller. 
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20. The apparatus of claim 16 wherein said feedback 
mechanism further comprises: 

a multiplication element for acquiring values for harmon 
ics of the torque fluctuations. 

21. The apparatus of claim 20 wherein said feedback 
mechanism further comprises: 

a low-pass filter coupled to Said convolution element for 
filtering an output of Said convolution element. 

22. The apparatus of claim 16 wherein Said controller 
further comprises: 

a gain matrix that defines a cost function in terms of 
torque ripple of the motor. 

23. The apparatus of claim 16 wherein said controller 
reaches Steady State when a predetermined cost function 
involving elements of torque vectors are minimized. 

24. The apparatus of claim 16 wherein Said current 
controller Substantially eliminates at least one of the Sixth 
and twelfth harmonics of torque ripple. 

25. A method of reducing torque ripple in a motor, the 
method comprising the Steps of 

providing a piezoelectric Sensor in a position relative to 
the motor to receive rotational reaction forces trans 
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mitted by the motor due to torque ripple and generate 
a Sensor Signal correlating to an amplitude of Said 
rotational reaction forces, 

processing Said Sensor Signal to produce a control Signal 
including commanded current harmonics, 

Supplying Said control Signal to a current controller of the 
motor to reduce the torque ripple. 

26. The method of claim 25 wherein said providing step 
comprises placing Said piezoelectric Sensor relative to the 
motor and a fixed point. 

27. The method of claim 25 wherein said processing step 
comprises the Steps of: 

correlating Said Sensor Signal with functions of harmonics 
to create torque values, 

filtering Said torque values, 
defining a cost function in terms of torque ripple based on 

Said filtered values, 
minimizing Said cost function to produce current for 

minimizing the torque ripple. 

k k k k k 


